Abstract: More than 15 years ago glutaric aciduria type I has been included in newborn screening programmes and pilot studies evaluating the potential benefit of early diagnosis and start of metabolic treatment for patients with this disease have been initiated. At that time many important questions on epidemiology, diagnostic quality, natural history, treatment, and cost effectiveness were not sufficiently answered. In particular, it was rather unknown whether early treatment improves the outcome. After implementation of glutaric aciduria type I in an increasing number of countries, and with careful evaluation of disease course and impact of early treatment, there is now solid evidence that affected individuals do have substantial benefit and that newborn screening for this disease is a cost-effective diagnostic intervention. Despite this success, there are still limitations concerning diagnostic sensitivity for patients with a low excreting phenotype and knowledge on longterm disease outcome. In conclusion, it has become evident that tandem mass spectrometrybased newborn screening for glutaric aciduria type I is a powerful and cost-effective tool to prevent the manifestation of prognostically-relevant movement disorders in the majority of early diagnosed patients.
Introduction
Glutaric aciduria type I (GA-I) is a rare inherited disorder of L-lysine, L-hydroxylysine and L-tryptophan metabolism first described in 1975 [1] , with an overall estimated prevalence of 1 in 100,000 newborns [2, 3] . High-risk populations with a prevalence of up to 1 in 300 newborns have been identified. This includes the Amish Community in Lancaster County, Pennsylvania, USA [4] , the Oji-Cree First Nations in Western Ontario and Manitoba, Canada [5] , the Lumbee in North Carolina, USA [6] , the Irish Travellers in Ireland and the United Kingdom [7] , and indigenous South Africans [8] .
GA-I is caused by two pathogenic mutations in the GCDH gene which consists of 11 exons (7 kb) and is located on 19p13.2 [9] . More than 200 disease-causing mutations have been identified so far [10, 11] ; most of them are private. The most frequent mutation in Europe is p.Arg402Trp accounting for 10%-20% of all alleles. Other mutations are predominantly or even exclusively found in distinct populations such as p.Ala421Val in the Amish Community as well as Southern parts of Germany and Switzerland, the original settlement area of the Amish, IVS1 + 5G > T in the Oji-Cree First Nations [12] , p.Pro248Leu and p.Glu365Lys in Turkey [3] , and p.Arg227Pro and p.Val400Met in Spain [13] .
Inherited deficiency of glutaryl-CoA dehydrogenase, a mitochondrial flavoprotein which catalyzes the oxidative decarboxylation of glutaryl-CoA to crotonyl-CoA in the catabolic pathways of L-lysine, L-tryptophan and L-hydroxylysine, causes cerebral accumulation of glutaric acid (GA), 3-hydroxyglutaric acid (3-OH-GA) and glutarylcarnitine (C5DC). These metabolites can be detected in body fluids by quantitative gas chromatography/mass spectrometry (GA, 3-OH-GA) or tandem mass spectrometry (C5DC). Two biochemical subgroups, termed high and low excretors, have been delineated [14] . High excretors show a (near) loss of GCDH activity and high concentrations of GA (above 100 mmol/mol creatinine), whereas low excreting patients with GCDH residual activity of up to 30% urinary GA excretion is below 100 mmol/mol creatinine and in some patients is (intermittently) normal. The excretion of 3-OH-GA in both groups is less variable.
About 80%-95% of untreated patients are thought to develop a complex, irreversible movement disorder with predominant dystonia superimposing on truncal hypotonia [15] [16] [17] most often following an acute encephalopathic crises precipitated by intercurrent febrile illness, immunization or postsurgical metabolic stress during a defined period in infancy (mostly between age 3-36 months). Notably, some patients show an insidious onset of movement disorder without preceding encephalopathic crises [13, 16, 18] . In all dystonic patients striatal degeneration is the common neuropathological and neuroradiological finding [19, 20] . Strikingly, untreated high and low excretors have the same risk of striatal degeneration and, therefore, low excretors should not be mistaken as a "mild" disease variant [16] . Striatal degeneration usually starts in the dorsolateral aspects of the putamen and then spreads over the striatum in a ventromedial direction; three neuroradiologically defined stages-acute, sub-acute and chronic-have been delineated [18] . Morbidity and mortality is significantly increased in dystonic patients [16, 21] .
In addition to striatal pathology, patients also show a broad spectrum of extrastriatal abnormalities including temporal hypoplasia with concomitantly widening of anterior temporal and sylvian CSF spaces, pseudocysts, signal changes of substantia nigra, thalamus, nucleus dentatus, and supratentorial white matter [20] . Extrastriatal abnormalities follow a variable pattern; they could proceed but sometimes regress or even normalize with time. In contrast to striatal degeneration, clinical relevance of extrastriatal changes is still unclear [22] .
Since GA-I patients do not present with pathognomonic signs or symptoms in the newborn period or infancy, the majority of them are missed in this age group. Therefore, only younger siblings of previously identified index patients have had a realistic change of early diagnosis and treatment before the start of tandem mass spectrometry-based newborn screening programmes [16] .
To Screen or not to Screen?
In the late 1990s, pilot studies on newborn screening for GA-I were initiated in a few countries (Australia, Germany, some US states) and in known high-risk populations (USA: Amish, Republic or Ireland: Irish Travellers). Some important epidemiological, diagnostic, clinical, therapeutic, and economic questions could not be adequately addressed at that time. Therefore the Health Technology Assessment in the UK in 1997 concluded that "GA-I comes quite close to fulfilling the necessary criteria for newborn screening although there is some lack of information on the absolute incidence and natural history" [23] and that "there was reasonable evidence to support inclusion in extended neonatal screening of (…) glutaric aciduria type 1" [24] .
With more than 15 years experience in newborn screening for GA-I, it has become evident that this diagnostic intervention is a powerful tool to prevent the manifestation of movement disorders in the majority of early diagnosed patients [3, 15, 16, 18] . As a consequence, the American College of Clinical Genetics has recommended it for screening [25] . However, despite increasing evidence, not more than one third of European Union Member States has implemented GA-I in its national disease panel [26] . In the following, we will evaluate the benefit of existing newborn screening programmes for GA-I based on the original principles of early disease detection as outlined by Wilson and Jungner [27] .
Knowledge of the Disease
As described above, GA-I causes significant health problems. About 80%-95% of untreated GA-I patients present with acute or insidious onset of a complex movement disorder with predominant dystonia during infancy and childhood (age range 3-36 months, peak 9-10 months) [15, 16, 28, 29] . Symptomatic patients have a significantly reduced life expectancy [16, 21] . Despite some variability in the clinical presentation among siblings, manifestation of a movement disorder has a high penetrance [3, 16, 30] . Importantly, high and low excretors share the same risk of developing a movement disorder. Therefore the genotype predicts the biochemical but not the clinical phenotype [16, 31] . This intriguing finding is best explained by cerebral entrapment of toxic dicarboxylic acids due to cerebral de novo synthesis and very limited efflux transport of the blood-brain barrier for these metabolites [16, 19, 32, 33] . Affected individuals usually remain asymptomatic or show mild reversible neurological signs, such as truncal hypotonia, during the first three months of life since neonatal onset is a rare finding in this disease [16, 18, 28] . Macrocephaly which is found in about 75% of patients is not specific for GA-I since it has a broad differential diagnoses and is found in 3% of the normal population (by definition). Few patients with late-onset GA-I presenting with white matter abnormalities in MRI and a broad spectrum of (progressive) signs and symptoms (macrocephaly, headaches, hand tremor, impaired fine motor function, seizures, ataxia, psychiatric disease) have been described [20, 34] . It remains to be elucidated whether this group reflects a specific disease variant or whether white matter changes in adolescent and adult patients are a common finding. The latter notion is supported by the observation that extrastriatal MRI changes are also found in early diagnosed and treated GA-I patients and that white matter changes might increase with age [20, 22, 35, 36] .
The major limitation in evaluating the clinical benefit of newborn screening for GA-I patients is the current knowledge on the long-term disease course. This is highlighted by two recent studies. Although GA-I was previously thought to exclusively affect the brain, this notion was challenged by recent observation of peripheral neuropathy [37] and chronic renal failure in adolescent and adult patients [38] .
Knowledge of the Test
The diagnostic test is the determination of glutarylcarnitine (C5DC) concentration in dried blood spots [39] [40] [41] . C5DC can be detected in dried blood spot samples by its ion pair m/z 388 → m/z 85 using tandem mass spectrometry. Therefore, C5DC can be included in tandem mass-spectrometry based newborn screening. GA-I should be considered in newborns with C5DC concentrations above the cut-off. Neonatal screening centres follow different strategies for defining and updating cut-offs for C5DC, and no standardized procedure for the setting of cut-off levels has yet been established worldwide [42, 43] . Only until recently internal standards for newborn screening have not included a stable isotope of C5DC, the C5DC concentration has been calculated in relation to the internal standard of octanoylcarnitine (C8). This procedure has resulted in low specificity and low positive predictive value in the early days of C5DC screening. These problems can be overcome using multiple reaction monitoring (MRM, m/z 388 → m/z 85 for butylated samples) [44] , a combination of C5DC with other acylcarnitines and acylcarnitine ratios using data mining techniques [45] , and two-tier strategies using C5DC and 3-hydroxyglutaric acid [2, 44, 45] . Despite improvement of the diagnostic quality of C5DC screening, there are reported cases of missed low excretors in the literature, but the exact number, however, is not known since newborn screening programmes often lack a tracking system. In the German newborn screening programme, three patients have been missed in about five million newborns. The majority of these patients have been missed during the start of extended newborn screening, highlighting that screening algorithms and cut-offs have been improved [12, 42, 46] . In highrisk populations with low excretors, mutation-based analysis might be considered as a more reliable strategy [12] . The overall sensitivity of C5DC screening in a mixed population is about 95% [3] . A deuterium-labeled analytical standard for C5DC is recently available and the implementation in the panel of standards will likely improve quantification of C5CD in the future. However, a systematic evaluation of the new standard is still lacking.
False positive screening results may be due to glutaric aciduria type II (multiple acyl-CoA dehydrogenase deficiency), pseudoglutarylcarnitinemia (hydroxydecanoylcarnitine) in patients with medium chain acyl-CoA dehydrogenase deficiency [47] , newborns with renal failure [48] , and maternal GA-I [49, 50] . Therefore, these diagnostic pitfalls should be considered for interpretation of positive C5DC screening results and for establishment of reasonable diagnostic algorithms [43] .
Treatment for Disease
In analogy to other protein-dependent inherited metabolic diseases, metabolic treatment including low lysine diet, carnitine supplementation and intermittent emergency treatment with transient stop of protein intake, energy-and carbohydrate-rich meals or glucose infusions (with or without insulin) during episodes that are likely to induce catabolism (e.g., intercurrent infectious diseases) was introduced for GA-I patients [15, 29, 51] . A meta-analysis on 115 patients, most of them treated after the onset of motor symptoms, however, did not reveal any significant effect on disease course [28] . A cross-sectional study on 279 patients later on showed that carnitine supplementation slightly reduced the mortality of symptomatic patients [16] . Before GA-I was implemented into national screening programmes, however, there was only very limited evidence that metabolic treatment in asymptomatic newborns or infants could improve the disease course in general and prevent manifestation of movement disorders [7, 29, 51] . In particular, it remained doubtful whether dietary treatment was beneficial [18] . After the start of newborn screening programmes and prospective follow-up studies in Europe, North America, Asia and Australia there is now increasing evidence that diagnosis and start of treatment during the newborn period has helped to significantly reduce the onset of a complex movement disorder in infancy and childhood and thus to improve the short-term outcome of GA-I patients (Table 1) . Table 1 . Newborn screening in combination with early start of metabolic treatment improves the neurological outcome of patients with glutaric aciduria type I (selection of studies).
Ref.
Country (State) Patients N Asymptomatic patients * N (%) [52] Australia (New South Wales) 7 6 (86%) [53] Australia (Victoria) 7 6 (86%) The prospective follow-up study in Germany showed that the absolute risk reduction for an acute encephalopathic crisis was 0.67 in the newborn screening group compared to symptomatic patients [3] and that the number needed to treat to prevent one acute encephalopathic crisis was 1.50. This huge effect was confirmed in a second evaluation of the same cohort three years later [42] . The latter study demonstrated for the first time that both metabolic maintenance treatment with low lysine diet and carnitine supplementation and intermittent emergency treatment during infectious diseases and other potentially threatening episodes had a positive impact on the outcome. The best outcome was achieved in the group of neonatally-diagnosed patients who received metabolic maintenance and emergency treatment according to previously-published guidelines [59] . Since the guideline recommendations were developed by an international group of experts and were subsequently tested and approved, the currently available revised version of these recommendations should be regarded as best evidence available for the diagnosis, treatment and follow-up of GA-I patients [43] . The beneficial effect of newborn screening and combined metabolic treatment has been confirmed independently by other groups in different countries and national healthcare systems [52] [53] [54] [55] [56] [57] [58] [60] [61] [62] . Based on this new therapy, options such as L-arginine supplementation aiming at reducing cerebral L-lysine influx and oxidation are currently discussed [55, [62] [63] [64] [65] .
Cost Considerations
Cost-effectiveness of tandem mass spectrometry-based newborn screening for GA-I was recently assessed in Germany based on the results of the prospective follow-up study [42, 43, 66] . It was clearly shown using a Markov model that newborn screening for GA-I significantly reduced the number of disability adjusted life years (DALYs) by 3.7 and that it helped to save about 31,000 Euro per 100,000 screened newborns within a 20 year time horizon [66] . This study convincingly showed that implementation of GA-I to tandem mass spectrometry-based newborn screening programmes under conditions comparable to the national health care system in Germany is highly cost-effective.
Conclusions
More than 15 years after the start of first newborn screening pilot projects for GA-I, there is now convincing evidence from different countries and health systems that combination of early diagnosis via newborn screening and an early start of metabolic treatment has dramatically improved the neurological outcome and survival of patients with this disease. It is an excellent example how inclusion of a metabolic disease that does fulfill some but not all screening criteria to newborn screening pilot studies can improve the health outcome of affected individuals and how careful evaluation of the screening process, disease course, and economic parameters can help to fill initial gaps of knowledge. Despite this success, there are still limitations, including use of optimized combinations of newborn screening parameters to improve the diagnostic quality, continuation of long-term follow-up studies, and establishment of patient registries to identify long-term complications and to optimize therapy and therapy monitoring.
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